The 5' ends of many bacterial transcripts are important in determining mRNA stability. A series of Shine-Dalgarno (SD) sequence changes showed that the complementarity of the SD sequence to the anti-SD sequence of 16S rRNA correlates with lacZ mRNA stability in Escherichia coli. Several initiation codon changes showed that an efficient initiation codon is not necessary to maintain lacZ mRNA stability. A stop codon in the 10th codon of lacZ increased mRNA stability. Therefore, ribosomal binding via the SD sequence but not translation of the coding region is necessary to maintain lacZ mRNA stability.
mRNA stability, as well as transcriptional and translational efficiency, plays an important role in regulating gene expres sion. The rates of decay of several bacterial transcripts, includ ing ompA, lacZ, and ermC, are controlled by determinants located at the 5' ends of the mRNAs (2, 3, 5, 12, 29, 30) . Decay is initiated at the 5' ends of some transcripts, for example, lacZ and ompA (6, 23, 24) . However, no 5'-to-3' exoribonuclease has been found in bacteria; therefore, the significance of 5' stability determinants is unclear. One explanation is that ribosomes may provide protection to the transcript from attacking endoribonucleases. Therefore, translation initiation, which occurs at the 5' end of mRNA and partly determines ribosomal density on the transcript, may also affect mRNA decay rates.
Several studies with bacteria suggest that ribosomes may be involved in protecting transcripts from ribonucleolytic action. Antibiotics that cause naked transcripts to form, such as puromycin and kasugamycin, result in rapid mRNA degrada tion (8, 11, 32, 36) . Antibiotics that slow elongation, such as chloramphenicol and fusidic acid, lead to increased transcript stability (36) . Unprotected tryptophan operon transcripts, downstream of nonsense codons, also decay rapidly (25) . In these cases, transcripts that are unprotected by ribosomes decay rapidly.
Translation initiation frequency may also affect mRNA stability by altering ribosomal protection of transcripts. lamB mutations, which decrease translation initiation by sequester ing the ribosome binding site within a secondary structure, accelerate the degradation of lamB-lacZ fusion transcripts (7, 40) . The translation initiation frequency and mRNA stability of a fusion between atpE and the beta interferon gene are both decreased by secondary structure at the 5' end of the transcript (14) . The translation initiation region of the inefficiently translated tetR gene, fused to lacZ, results in destabilization of the chimeric mRNA (1) . Translation initiation and transcript stability are also correlated in a Tn 10-lacZ fusion (10). In the above-described cases, translation initiation frequency corre lates with mRNA stability.
Ribosomal protection of only the 5' ends of some transcripts is necessary to maintain mRNA stability. A translational stop at codon 56 of the p-lactamase gene does not destabilize the transcript (27) . Translational induction of the Bacillus subtilis ermC transcript occurs by erythromycin-induced stalling of ribosomes in a short open reading frame within the 5' leader (22, 26) . This results in a 20-fold stabilization of the mRNA. Inducible stabilization of the ermC mRNA requires ribosomal stalling within the 5' leader; however, translation of the coding region is not required for inducible stability (2, 18) . Ribosomal protection of only the 5' ends of some transcripts may be sufficient to protect the mRNAs from rate-limiting endonu cleolytic cleavage. In this study, the roles of the Shine-Dalgarno sequence (SD), the initiation codon, and translation in lacZ mRNA stability were investigated. The results suggest that protection of the 5' end of the mRNA by efficient ribosomal binding, but not translation of the coding region, is necessary for lacZ mRNA stability.
MATERIALS AND METHODS
Plasmid construction. The parent plasmid, pCU, was con structed by cloning a lacZ fragment into a pKK223-3 derivative as described previously (38) . Features of pCU include a translation initiation region that differs from that of wild-type lacZ in the following respects: it contains only one AUG initiation codon, a synthetic tac promoter containing a Sail site, an £coRI site between the SD and the initiation codon, and a Hindlll site at the 5th codon of the lacZ gene. Mutations in the SD and codons 1 to 10 were made by cloning oligonucle otides into the Sail, EcoRl, and H indlll sites. The sequence of the translation initiation region of pCU is 5'. .CAGGAAACA GAATTCACCATGATTACGCUAAGCTTGGCACTGG.. lacZ. The sequences from the SD to the initiation codon of the plasmids pCU-AGGGG and pCU-AGC-CUG are 5'. .AGGG GAATTAATAATG. lacZ and 5 '.. .AGCAAACAGAATTC CTG. . < lacZ, respectively. The sequence of the HIII spacer which contains the stop codon is 5'AGCTTAGCTCGAG CATAAGTCGACGGTACCTCTCGAGATCT3'. The Esche richia coli strain used was K-12 SU1675 A {pro-lac) recA56 F' lacF.
p-Galactosidase assays and functional mRNA half-lives. Overnight cultures were diluted 1:50 in M9 minimal medium plus 0.2% glucose, 0.4% Casamino Acids, 0.01% thiamine, 2 mM IPTG (isopropyl-p-D-thiogalactopyranoside), and 100 |xg of ampicillin per ml and grown at 37°C to log phase (0.5 U of optical density at 600 nm). Assays were as described by Weiss et al. (39) . Determination of functional half-lives was based on the procedure of Kepes (21) . Cultures were induced for 1 min before the addition of rifampin to 200 jxg/ml. Aliquots were taken from the culture at time points from 2 to 20 min. After induction, chloramphenicol was added to 10 mg/ml, and the tubes were placed on ice. Half-lives and standard errors were estimated by a nonlinear regression analysis using a maximumlikelihood program from BMPD Statistical Software Inc. The equationy = a 1 -I-a^~ahc describes the function, where a3 is the slope of the curve. Standard errors were converted into 95% confidence levels. RNA preparation, primer extension, and chemical mRNA decay. RNA isolation and primer extension were done as described previously (38) . The primer used for Fig. 2 , 4, and 6, 5'TTAAGTTGGGTAACGCCA3', anneals to bases 104 to 122 of the pCU lacZ mRNA. A primer which anneals to the 5' end of the lipoprotein gene (Ipp) and one which anneals to the 5' end of 5S rRNA were also used as controls. A mixture of radiolabelled and unlabelled Ipp or 5S rRNA primers was used to achieve the desired counts per minute. Chemical mRNA decay measurements were performed on log-phase cultures at 0.5 U of optical density at 600 nm. Rifampin was added to 200 jxg/ml at 0 min, and aliquots were taken at various time points and placed directly on ice. The culture was pelleted gently at 4°C and resuspended in 1 ml of ice-cold water, and the RNA was immediately isolated. Quantitation was done on a Molec ular Dynamics phosphoimager or densitometer, and the amount of RNA loaded was normalized to the Ipp or the 5S rRNA control band. A half-life is not calculated because chemical decay of the 5' ends of lacZ transcripts is exponential only at the early time points. Variation in in vivo mRNA decay, due to temperature variation and unknown factors, was mini mized by determining all half-lives that are shown within a single figure on the same day. RESULTS 30S subunit binding affects lacZ mRNA stability. The SD is a consensus sequence found in the 5' leader of mRNA, 5 to 14 bases upstream of the initiation codon (33, 34) . The SD interacts with the 30S subunit of the ribosome by base pairing with the 3' end of 16S rRNA (the anti-SD) (19, 20) and can enhance ribosomal binding more than 10-fold (4, 19) . The binding of the 30S ribosomal subunit to the mRNA via the 16S rRNA-SD interaction is referred to as ribosomal binding throughout this paper. To determine the effect of ribosomal binding on lacZ mRNA half-life, several SD variants were constructed from the lacZ plasmid pCU. pCU contains a lacZ gene that is different from the wild-type gene in the following respects: a pTAC promoter replaces the lac promoter, only one AUG initiation codon is present, and several restriction sites are at the 5' end of the transcript. The lacZ SD, AGGA, was changed to AGGGG, GGG A, AAG A, and AGCA ( Table  1 ). The pCU-AGGGG construct also has an enriched A-U content in the region between the SD and the initiation codon. The role of this A-U-rich region is to decrease occluding secondary structures within the translation initiation region and therefore to enhance translation initiation (9, 31, 34) . All other SD mutations are one-or two-base changes in the natural lacZ SD. The AGGGG SD contains 5 bases capable of pairing with the anti-SD, UCCUCC, if Watson-Crick base pairs and G-U base pairs are included. The SD sequences AGGA and GGGA both contain 4 bases complementary to the anti-SD. The SD sequences AAGA and AGCA contain only 3 bases complementary to the anti-SD. The steady-state P-galactosidase level of the strain containing the pCU-AGGGG plasmid increased to 20,300 U from the level of 14,406 U in the strain containing the parent plasmid, pCU. The pCU-GGG plasmid produced p-galactosidase levels of 12,432 U. The pCU-AAG plasmid caused a decrease in p-galactosi dase levels to 4,591 U, and the pCU-AGCA plasmid produced p-galactosidase levels of 4,253 U (Table 1) . Decreased comple mentarity of the SD to the anti-SD correlates with lower p-galactosidase activity, probably because of decreased riboso mal binding to the transcript. Altered ribosomal binding to the SD affects gene expression in the lacZ SD mutants by decreas ing translation initiation frequency; however, changes in mRNA stability also affect the level of gene expression.
The efficiency of the SD, as measured by p-galactosidase levels and complementarity to the anti-SD, is correlated with the functional half-life of the transcript. The pCU-AGGGG construct produced lacZ mRNA with a half-life of 2.8 min, approximately twofold higher than the pCU lacZ transcript's 1.3-min half-life (Table 1 and Fig. 1 ). pCU and pCU-GGG transcripts had half-lives of 1.3 min, similar to the published value of 1.5 min for the wild-type lacZ half-life (5). pCU-AAG transcripts had a shorter half life of 1.1 min, and pCU-AGCA lacZ mRNA also exhibited a decreased half life of 0.8 min (Table 1 and Fig. 1 ). Ribosomal binding to the SD correlates with lacZ mRNA stability, probably because of ribosomal protection of the transcript from RNases.
The wild-type lacZ transcript decays in a 5'-to-3' direction (6). Therefore, chemical decay of the 5' ends of lacZ mRNA is expected to be similar to functional decay. Chemical decay of the 5' ends of pCU mRNA and transcripts derived from the SD mutant, pCU-AAG, was measured by primer extension of lacZ mRNA at various time points after transcriptional inhi bition. 5S rRNA was also reverse transcribed in the same reaction as an internal control (Fig. 2) . The chemical decay pattern of pCU-AAG mRNA was more rapid than that of pCU transcripts (Fig. 2) . The chemical decay pattern of pCU-AGC transcripts was also more rapid than pCU mRNA decay when measured by the same method (37) . The relative chemical decay rates of mRNAs containing mutant or wild-type SDs is similar to the functional decay rates of these transcripts.
Initiation codon identity does not affect lacZ mRNA stabil-
Decay of 5' ends of lacZ mRNAs containing wild-type and mutant SDs. Primer extension analysis of mRNA isolated at various time points after transcriptional inhibition by rifampin is shown. Minutes after rifampin addition are shown above the lanes. The upper doublet is due to the multiple 5' ends that occur naturally in all lacZ transcripts. Arrows: a, pCU; b, pCU-AAG; c, 5S rRNA control which was reverse transcribed in the same reaction (smearing of this control band may be due to overloading or to several populations of 5S RNA molecules). The percentages of mRNA remaining, calculated from densitometric measurements and normalized to the control value, are as follows. pCU: 0 min, 100%; 1 min, 76%; 2 min, 37%; 3.5 min, 18%; 5 min, 10%. pCU-AAG: 0 min, 100%; 1 min, 34%; 2 min, 13%; 3.5 min, 7%; 5 min, 5%.
ity. AUG, the most efficient initiation codon, is present in greater than 90% of E. coli transcripts and is complementary to the anticodon, CAU, of formylmethionyl-tRNA. The lessefficient initiation codons GUG and UUG are rarely used to initiate protein synthesis in E. coli (13) . In all known cases, formylmethionine is the amino acid inserted at the aminoterminal end of the protein. The initiation codon AUG was altered to GUG, UUG, and CUG to determine the effect of inefficient initiation codons on lacZ mRNA half-life (Table 1) . These plasmids were named pCU-GUG, pCU-UUG and pCU-CUG, respectively. The steady-state p-galactosidase level of the strain containing the pCU-GUG plasmid decreased to 9,420 U from the level of 14,406 U produced by the plasmid containing an AUG initiation codon, pCU. Strains containing the pCU-UUG and the pCU-CUG plasmids produced 7,232 and 344 U of p-galactosidase, respectively. The functional half-lives of the pCU-GUG and pCU-UUG transcripts were 1.3 and 1.0 min, respectively. Although the functional half-life of pCU-UUG transcripts decreased relative to that of the pCU transcript, there was no overall trend towards decreased functional half-life with decreased initiation codon efficiency. For example, a change in the initiation codon from AUG to CUG decreased p-galactosidase levels by more than 40-fold. However, the functional half-life of pCU-CUG transcripts was 1.5 min, which is statistically unchanged from the pCU tran script half-life (Table 1 and Fig. 3 ). The efficiency of the initiation codon does not correlate with the functional half-life of lacZ mRNA.
Chemical decay of the 5' ends of pCU and pCU-UUG transcripts was measured by primer extension of lacZ mRNA at various time points following transcriptional inhibition. The 5' ends of transcripts derived from pCU and pCU-UUG decayed at similar rates (Fig. 4) . The 5' ends of mRNAs derived from pCU and pCU-CUG also decayed at similar rates when measured by the same method (37) . These results show that although the SD is involved in lacZ mRNA stability, efficient translation of the coding region of the transcript is not necessary to maintain lacZ mRNA half-life.
Stability of transcripts with mutations in both the SD and the initiation codon. Ribosomal protection via SD binding may provide an explanation for the unaltered stability of lacZ mRNA with altered initiation codons. Alternatively, a base 1686 Arrows: a, pCU; b, pCU-UUG; c, Ipp transcript which was reverse transcribed in the same reaction as a control. The percentages of mRNA remaining, calculated from densitometric measurements and normalized to the control value, are as follows. pCU: 0 min, 100%; 1 min, 56%; 2 min, 34%; 3.5 min, 17%; 5 min, 9%. pCU-UUG: 0 min, 100%; 1 min, 69%; 2 min, 38%; 3.5 min, 17%; 5 min, 15%. change in the initiation codon could be destroying an RNase site. If an RNase site is destroyed by altering the initiation codon, transcripts could exhibit increased stability despite a lack of ribosomal protection. To distinguish between these two possibilities, a double mutant containing both an AGCA SD and a CUG initiation codon was constructed. The resulting plasmid was named pCU-AGC-CUG and produced trace amounts of (3-galactosidase (less than 50 U). Because of the low (3-galactosidase activity of the double mutant, a chemical half-life determination was performed by primer extension at various time points following transcriptional inhibition. The decay of transcripts derived from the pCU-AGC-CUG plasmid was slightly more rapid than pCU-AGC mRNA decay (Fig. 5) . This suggests that the initiation codon is not part of an RNase site which is sensitive to ribosomal binding. 6 . Decay of 5' ends of translated and untranslated lacZ mRNAs. Log-phase cultures containing pCU and pCU-UAA plasmids were mixed prior to rifampin addition. Primer extension of pCU-UAA and pCU shows mRNA decay at various time points after rifampin addition. Time points, in minutes, are shown above the lanes. The primer anneals downstream of the stop codon. The percentages of mRNA remaining are as follows. pCU: 0 min, 100%; 1 min, 83%; 2 min, 41; 3.5 min, 18%; 5 min, 7%. pCU-UAA: 0 min, 100%; 1 min, 80%; 2 min, 80%; 3.5 min, 73%; 5 min, 80%; 10 min, 51%. pCU-UAC: 0 min, 100%; 1 min, 30%; 2 min, 11%; 3 min, 5%; 5 min, 8%; 10 min, 6%.
mRNA stability, then a stop codon in the 5' proximal coding region should not decrease mRNA stability. This hypothesis was tested by cloning an oligonucleotide containing a transla tional stop at codon 10 (see Materials and Methods) into a restriction site at codon 5 of the pCU plasmid. The resulting plasmid was named pCU-UAA and produced trace amounts of (3-galactosidase (less than 50 U). pCU-UAA transcript decay relative to pCU mRNA decay was assessed by primer exten sion analysis at various time points after transcriptional inhi bition (Fig. 6) . The 5' ends of the untranslated pCU-UAA transcripts decayed relatively slowly; more than half of the transcripts remained at 10 min after rifampin addition. The slow decay of pCU-UAA transcripts could be due either to the presence of a stop codon or to an undetermined sequence in the mRNA surrounding the stop codon. Therefore, an identi cal transcript, except for the substitution of a UAC sense codon for UAA, was constructed. The resulting plasmid, pCU-UAC, produced transcripts that decayed rapidly (see legend to Fig. 6) (37) . Therefore, the slow decay of this transcript is due to the UAA stop codon and not to the presence of the insert. Furthermore, increased stability of full-length transcripts containing 5' stop codons has also been found by Northern (RNA) blot analysis (data not shown). These results indicate that translation of the entire lacZ coding region is not required to maintain the chemical stability of lacZ mRNA.
DISCUSSION
The frequency of translation initiation is thought to play a significant role in determining mRNA stability (41) . The present study shows that efficient ribosomal binding but not translation is necessary for lacZ mRNA stability; in the pres ence of an inefficient initiation codon or a 5' stop codon, mRNA stability is maintained by ribosomal binding via the SD.
Significance of SD and initiation codon changes. An adap tation of the Gualerzi model of the translation initiation Step 1 is 30S ribosomal subunit binding to the SD. Ribosomal binding efficiency determines protection of the transcript from RNases. A putative 5' RNase site is indicated by an X. The rate of step 2, during which fM et-tRNA anticodon interaction with the initiation codon occurs, does not affect transcript stability. Step 3, during which the 50S subunit joins the preinitiation complex is also shown.
process is described to elucidate the steps at which mRNA stability could be affected (Fig. 7) (15,16) . This model is partly based on the observation that, in vitro, 30S subunit binding to the mRNA can occur independently of fMet-tRNA binding (16, 17, 35) . The model states that fMet-tRNA and mRNA are assembled in a nonobligatory order onto the 30S ribosomal subunit (with bound initiation factors and GTP) into a ternary preinitiation complex. At this point the mRNA and the fMet-tRNA are not interacting. A transition forms the 30S initiation complex, during which the anticodon of fMet-tRNA base pairs with the initiation codon. In this model, ribosomal binding can occur independently of translation initiation.
Altered lacZ mRNA half-lives due to SD mutations suggest that the binding of the 30S ribosomal subunit to the mRNA via the SD interaction is important for mRNA stability, possibly because of ribosomal protection of an RNase site (Fig. 7) . In the initiation codon mutants, a decrease in tRNA-anticodon interaction with the initiation codon did not affect mRNA stability, probably because 30S subunit binding to the tran script, and ribosomal protection of a putative 5' RNase site, does not require fMet-tRNA (Fig. 7) . Furthermore, the initi ation codon itself does not appear to be part of an RNase site because the decay of a lacZ transcript containing both an inefficient SD and an altered initiation codon was rapid.
Results from other systems also show that ribosomal protec tion of the coding region is not always necessary for mRNA stabilization. Translation of the coding region of ermC is not required for inducible stabilization of the transcript by eryth romycin (2, 18) . Likewise, a translational stop at codon 56 of the p-lactamase gene does not destabilize the transcript (27) . Therefore, we propose that ribosomal binding via the SD may be protecting an RNase site near the 5' end of the lacZ transcript.
A stop codon increases lacZ transcript stability. A transla tional stop at the 10th codon of lacZ increased mRNA stability, although the downstream coding region of the transcript is unprotected by ribosomes. Stop codons in a M ATal-PGKl fusion transcript in Saccharomyces cerevisiae also increased mRNA stability (28) . One explanation for our result is that a translational stop causes the ribosome to pause and increases ribosomal protection from endoribonucleases at the 5' end of the transcript. Ribosomes have been shown to pause on bovine preprolactin mRNA during translation initiation and termina tion (40) . Our results show that translation of the first 10 codons of lacZ is sufficient to protect this transcript from rapid degradation. This suggests that rate-limiting cleavage of lacZ transcripts may occur at the 5' end of the mRNA.
Conclusions. Mutations in the translation initiation region of lamB-lacZ gene fusions suggest that mRNA stability is related to translation initiation frequency (41) . However, in the ermC transcript, translation of the coding region is unnecessary for inducible transcript stability (2, 18) . In the present study, SD-mediated ribosomal binding during translation initiation was important for lacZ mRNA stability, but decreased trans lation initiation frequency due to inefficient initiation codons did not affect mRNA stability. Translation of the coding region of lacZ, downstream of codon 10, was also unnecessary to maintain transcript stability. Therefore, only 30S subunit bind ing, not translation of the entire coding region, may be necessary to maintain lacZ mRNA functional stability.
